Background: Computed tomography (CT) and spirometry are the current standard methods for assessing lung anatomy and pulmonary ventilation, respectively. However, CT provides limited ventilation information and spirometry only provides global measures of lung ventilation. Thus, a method that can enable simultaneous examination of lung anatomy and ventilation is of clinical interest. Purpose: To develop and test a 4D respiratory-resolved sparse lung MRI (XD-UTE: eXtra-Dimensional Ultrashort TE imaging) approach for simultaneous evaluation of lung anatomy and pulmonary ventilation. Study Type: Prospective. Population: In all, 23 subjects (11 volunteers and 12 patients, mean age = 63.6 ± 8.4). Field Strength/Sequence: 3T MR; a prototype 3D golden-angle radial UTE sequence, a Cartesian breath-hold volumetricinterpolated examination (BH-VIBE) sequence. Assessment: All subjects were scanned using the 3D golden-angle radial UTE sequence during normal breathing. Ten subjects underwent an additional scan during alternating normal and deep breathing. Respiratory-motion-resolved sparse reconstruction was performed for all the acquired data to generate dynamic normal-breathing or deep-breathing image series. For comparison, BH-VIBE was performed in 12 subjects. Lung images were visually scored by three experienced chest radiologists and were analyzed by two observers who segmented the left and right lung to derive ventilation parameters in comparison with spirometry. Statistical Tests: Nonparametric paired two-tailed Wilcoxon signed-rank test; intraclass correlation coefficient, Pearson correlation coefficient. Results: XD-UTE achieved significantly improved image quality compared both with Cartesian BH-VIBE and radial reconstruction without motion compensation (P < 0.05). The global ventilation parameters (a sum of the left and right lung measures) were in good correlation with spirometry in the same subjects (correlation coefficient = 0.724). There were excellent correlations between the results obtained by two observers (intraclass correlation coefficient ranged from 0.8855-0.9995).
Data Conclusion: Simultaneous evaluation of lung anatomy and ventilation using XD-UTE is demonstrated, which have shown good potential for improved diagnosis and management of patients with heterogeneous lung diseases. 
C
omputed Tomography (CT) and spirometry are currently the standard methods for assessing lung anatomy and pulmonary ventilation, respectively. On the one hand, CT offers excellent spatial morphologic information, but it requires radiation exposure and provides limited ventilation information. On the other hand, pulmonary function tests, measured by a spirometer, are often performed to make a diagnosis of airway obstruction. However, these tests only provide global measures of lung ventilation. Without spatially localized information concerning regional ventilation, a standard pulmonary function test is inadequate for assessing disease heterogeneity. 1 Magnetic resonance imaging (MRI) is a promising imaging modality for simultaneous evaluation of lung anatomy and pulmonary function. Compared with CT, MRI has several attractive features, such as the lack of radiation exposure, superior soft-tissue contrast, and the possibility for a multicontrast functional evaluation. Compared with spirometry, MRI can offer spatially resolved ventilation information for evaluation of disease heterogeneity. However, despite encouraging results demonstrated in many studies, a vast majority of lung MR exams have been performed in a research environment only. Major challenges associated with lung MRI include low proton density in the inflated lung that leads to low signal-to-noise ratio (SNR), 2 the short T 2 * of the lung parenchyma resulting from numerous air-tissue interfaces, 2,3 long acquisition times, and artifacts from respiration and heart motion. Multiple approaches can be used to improve the imaging performance of lung MRI. For example, MRI using hyperpolarized gases is one of the most useful approaches to visualize lung airspaces 4, 5 and to assess lung function. 6, 7 With gaseous contrast agents, such as helium-3 or xenon-129, the low signal due to low proton density of the lung can be overcome by using an external polarization device, thus offering a unique opportunity for a comprehensive evaluation of different lung diseases. In addition to hyperpolarized gases, several recent studies have also shown that MRI with additional oxygen enhancement can further improve the imaging of ventilation for assessment of lung function. 8, 9 MR sequences with an ultrashort echo time (UTE sequences) are another effective way of imaging lung structure. [10] [11] [12] [13] Although UTE-MRI cannot directly image the lung airspace, as in hyperpolarized MRI, it enables visualization of short T 2 * components in the lung with increased signal intensity. For this reason, UTE-MRI may be a more attractive technique for the screening of lung abnormalities, such as lung nodules or cystic fibrosis, 14, 15 particularly given the increased cost of gaseous contrast agents and the complex imaging procedure associated with hyperpolarized MRI. Despite recent advances in imaging techniques, respiratory motion remains a major challenge for lung MRI. Although external respiratory monitoring devices (eg, a respiratory bellow) can be used to track respiratory motion for gated data acquisitions, 16 respiratory gating reduces scan efficiency and requires a cumbersome setup procedure prior to the start of imaging. This issue has been addressed by self-gating, and many works have shown that the imaging performance of lung MRI can be increased with retrospective respiratory-gating, where a respiratory motion signal is obtained from acquired data. [17] [18] [19] [20] Sparse imaging (eg, rapid MRI exploiting image sparsity) is an alternative approach to handle respiratory motion. Although it was originally introduced to MRI for accelerated data acquisitions, 21 it has been
shown that sparsity can also be leveraged to reconstruct extra motion dimensions, using sparsity-enforcing reconstruction algorithms to fill in missing data in continuously acquired datasets sorted into distinct motion states. 22 Thus, motion compensation can be performed intrinsically during image reconstruction, and more importantly, the new motion dimensions can also provide additional physiological information of potential clinical value. This relatively new imaging technique, called XD-GRASP (eXtra-Dimensional Goldenangle RAdial Sparse Parallel) MRI, combines the selfnavigation and motion-sorting properties of radial sampling with the acceleration capability of sparsity-based reconstruction. 22 Since its original development, XD-GRASP has been tested in several clinical applications including liver imaging 23 and cardiovascular imaging. [24] [25] [26] The feasibility of extending motion-resolved sparse reconstruction to 4D time-resolved lung imaging, by combining the XD-GRASP approach with a self-navigated 3D golden-angle radial UTE sequence, was demonstrated in a preliminary study with good imaging performance. 27 In a recent study, Jiang et al also applied the idea of motionresolved sparse imaging to UTE-MRI of the lung, and tested its performance in assessing various lung diseases. 28 However, both of these two studies aimed to reconstruct high-resolution, high-quality anatomical lung images only. Tibiletti et al also demonstrated the performance of XD-GRASP for lung imaging in small animal MRI, 29 but it is not trivial to study ventilation of the lung in animal. In this study, we aimed to move one step further to extend this framework, so that it can be used for assessing not only lung anatomy, but also pulmonary ventilation in clinical studies. Our hypothesis was that this new framework, termed XD-UTE in this work, can not only serve as a potential alternative to both CT and spirometry for lung examination, but provide further insight into the heterogeneity of lung ventilation.
Materials and Methods

Subjects
This prospective study was Health Insurance Portability and Accountability Act (HIPAA)-compliant, and was approved by our Institutional Review Board. A total of 23 subjects, including 12 patients with known lung diseases (seven male, five female, mean age = 63.6 ± 8.4) and 11 healthy adult volunteers (six male, five female, mean age = 33.5 ± 11.7), were recruited to participate. The patients were recruited only if they were able to cooperate with the breathing instructions designed for this study. Written informed consent was obtained from all subjects prior to the MR scans.
Imaging Sequence A prototype golden-angle radial imaging sequence that employs center-out half-spoke 3D radial acquisitions with ramp sampling was used for data acquisitions. 13 The sequence was adapted from the self-navigating dual-echo UTE sequence described previously 13 to a single-echo acquisition scheme, simply by disabling the acquisition of the second echo. Two-fold (2×) oversampling was employed in each readout without increasing scan time. As shown in Fig. 1a , the golden-angle sampling trajectory is segmented into multiple interleaves that are rotated by a golden angle based on a spiral phyllotaxis pattern. 30 Each interleaf consistently starts with a measurement oriented along the superior-inferior (SI) direction (red lines in Fig. 1a) acquired voxel size = $0.98 × 0.98 × 0.98 mm 3 , RF excitation angle = 6 , and bandwidth = 600 Hz/Pixel. A total of 122,520 half-spokes were acquired in each subject in 8 minutes, including 2042 golden-angle interleaves with 60 spokes each.
For the NDB-UTE scan, 10 subjects were trained, before scanning, to follow a special breathing pattern alternating between normal and deep breathing. Specifically, through a monitor set up for functional MRI studies, subjects were asked to breathe normally for 1 minute, followed by a consistent deep-breathing maneuver, during which they were instructed to inhale as deeply as possible then exhale as rapidly as possible. These 1-minute-normal and 1-minute-deep breathing cycles were repeated four times, leading to a total of an 8-minute scan time. Relevant imaging parameters of the NDB-UTE acquisitions were the same as in the NB-UTE case, except for a smaller matrix size of 128 × 128 × 128 (256 × 256 × 256 with 2× oversampling in 3D radial imaging) and thus a lower spatial resolution ($1.95 × 1.95 × 1.95 mm 3 ). To assess the scan-rescan variability in lung function measures, 4 volunteers underwent a second NDB-UTE MR scan in a separate visit after at least 3 months. NDB-UTE acquisitions were acquired with a reduced spatial resolution because of the need to reconstruct a high-temporalresolution image series (see below), in which spatial morphological visualization is less important. , reconstructed slice thickness = 3 mm, and TR/TE = 2.8-3.1/1.25-1.41 msec. BH-VIBE images were acquired with a lower spatial resolution because of the need to acquire each dataset covering the whole lung during one breath hold ($15 sec), which necessitated a trade-off between resolution and volumetric coverage.
SPIROMETRY MEASUREMENT. Spirometry measurements were performed in six subjects (four volunteers and two patients) out of the 10 subjects who underwent the NDB-UTE scan. The test was performed using a conventional spirometer (FlowMIR, MIR, A-M Systems, Everett, WA) in a sitting position. The subjects were asked to follow a breathing pattern similar to what they had during the NDB-UTE MRI scans.
XD-UTE Reconstruction RESPIRATORY MOTION DETECTION.
A respiratory motion signal was first extracted from the self-navigation spokes in each acquired 3D radial dataset with the following steps.
First, the missing half of the SI half-spoke was zero-filled, and a fast Fourier transform (FFT) was performed to generate zdirection projection profiles oriented along the SI direction. Second, a respiratory motion signal was extracted using a motion detection algorithm previously described. 31 Specifically, a principal component analysis was performed in the projection profiles from each coil element. The first principal component from each coil element was selected and pooled together for a clustering procedure that finds the dominant signal variation pattern. Given that respiratory motion is the most common signal pattern across all coils, this dominant signal was selected as the respiratory motion signal. This motion detection algorithm was designed to exclude "poor" coil elements that do not have a good representation of respiratory motion, and to select a signal without relying on frequency information, as described previously. 31 Since the alternating breathing windows for the NDB-UTE acquisitions were known, motion detection was performed using only the deep-breathing projection profiles in the NDB-UTE data.
IMAGE RECONSTRUCTION. For visualization of lung anatomy, the NB-UTE data were reconstructed with four respiratory phases spanning from expiration to inspiration (matrix size = 256 × 256 × 256 × 4, voxel size =0.98 × 0.98 × 0.98 mm 3 ), using the extracted respiratory motion signals. The number of respiratory phases was selected based on prior experience in implementing the XD-GRASP technique. 22, 25, 26 To retrospectively evaluate imaging performance with different acceleration rates, and to determine the most suitable acquisition time, all NB-UTE datasets were reconstructed with different durations of acquisition, corresponding to different acceleration rates. Specifically, each dataset was reconstructed with data acquired during the first 1 minute (XD-UTE-NB-1min: 15,300 spokes), the first 3 minutes (XD-UTE-NB-3min: 45,900 spokes), the first 5 minutes (XD-UTE-NB-5min: 76,560 spokes) and all 8 minutes (XD-UTE-NB-8min: all 122,520 spokes). For comparison, all datasets were also reconstructed using all acquired spokes with only gridding reconstruction without any motion compensation, thus simply averaging the effect of motion (referred to as Ave-UTE). For assessment of pulmonary ventilation, two dynamic image series, including one normal breathing image series (XD-UTE-PF-NB) and one deep-breathing image series (XD-UTE-PF-DB), were reconstructed with 30 respiratory phases spanning from expiration to inspiration and then back to expiration covering a full respiratory cycle. XD-UTE-PF-DB images were reconstructed using the deep-breathing data (net scan times =4 min) from the NDB-UTE acquisitions, with a voxel size of $1.95 × 1.95 × 1.95 mm 3 . XD-UTE-PF-NB images were reconstructed using the first half of the data from the NB-UTE acquisitions (net scan times = 4 min). In order to match the spatial resolution of XD-UTE-PF-DB, the XD-UTE-PF-NB reconstruction was performed with a voxel size of $1.95 × 1.95 × 1.95 mm 3 by discarding part of the highfrequency component in each radial spoke. All reconstructions were performed using the XD-GRASP framework that solves the following optimization problem:
Here, d is the 4D dynamic image series to be reconstructed, S is the corresponding multidimensional radial k-space data, D is a density compensation filter used for 3D radial image reconstruction, 13, 32 and T is the sparsifying transform applied along the respiratory dimension with a regularization parameter λ. E represents an encoding operator that incorporates coil sensitivities (C), a nonuniform FFT (NUFFT) operator (F), and the density compensation filter (D). The density compensation filter was separated into two square root terms, one applied in a precompensation step before iteration and the other one applied during each iteration, to ensure that E and its Hermitian transpose E H are adjoint.
Image reconstruction was implemented in MatLab (MathWorks, Natick, MA) with a nonlinear conjugate gradient algorithm. All reconstructions were performed on a Linux server equipped with 256 GB memory and two 6-GB NVI-DIA graphics processing unit cards. First-order finite differences were employed along the dynamic dimension as the sparsifying transform. Coil sensitivity maps were estimated from the static 3D image volume reconstructed from all spokes using the adaptive combination approach. 33 The NUFFT operation was implemented using a gpuNUFFT toolbox presented previously 34 for acceleration of reconstruction speed. For each type of reconstruction, a regularization parameter was empirically selected by comparing different values in terms of visual image quality and temporal blurring using gridding images as a surrogate reference, as previously described. 35 Once the value was selected, it was then fixed for all datasets that were acquired and reconstructed with the same protocol.
Visual Image Quality Assessment
Image quality was scored visually to compare XD-UTE-NB images with different acquisition times (1-min, 3-min, 5-min, and 8-min), AVE-UTE and BH-VIBE. For XD-UTE-NB, the end-expiratory phases were used for the assessment. After pooling and randomizing all images (XD-UTE-NB: 92 cases including different acceleration rates, AVE-UTE: 23 cases, BH-VIBE: 12 cases), three boardcertified chest radiologists (W.H.M., F.G., and R.R. with 13, 12, and 3 years of post fellowship experience in chest MRI, respectively) blinded to the reconstruction and acquisition schemes scored the visualization of great vessels (i.e., aorta and pulmonary artery), large airways, segmental arteries, segmental bronchovascular structures, subsegmnetal vessels and pleura region using a 6-point Likert-type scale as follows: 5 = excellent visualization; 4 = good visualization; 3 = acceptable visualization; 2 = slightly limited to acceptable; 1 = poor visualization; 0 = structure not visible. In addition, the readers also scored the overall artifact level, including the blurring effect and streaks, for each case using a 4-point Likert-type scale as follows: 4 = no artifact; 3 = minor artifact not affecting image assessment; 2 = moderate artifact degrading visualization of structures, but still diagnostic; 1 = severe artifact leading to nondiagnostic images. The reported scores were averaged over the three readers to yield mean ± standard deviation for each assessment category and each reconstruction/acquisition scheme.
Pulmonary Ventilation Analyses
For spirometry measurements, the forced expiratory volume during the first second (FEV1) and the forced vital capacity (FVC) were obtained, from which the FEV1/FVC ratio was then calculated. For both XD-UTE-PF-NB and XD-UTE-PF-DB images, the left and right lungs were semiautomatically segmented by two readers using FireVoxel, an image processing software platform available at http://cai2r.net/ resources/software. The volume of each lung was computed in each respiratory phase, and the left and right lung ventilation parameters, including the tidal volume (TV), residual volume (RV), lung capacity (LC), and FEV1/FVC ratio, were then obtained. The global FEV1 was calculated as the sum of the right and left lung FEV1, and the global FVC was calculated as the sum of the right and left lung FVC. The global FEV1/FVC ratio, which was calculated as global FEV1/global FVC, was then compared with the FEV1/FVC ratio measured with spirometry.
Statistical Analyses
For visual image quality assessment, a nonparametric paired two-tailed Wilcoxon signed-rank test was performed for statistical comparison using an online tool (http://vassarstats.net/ wilcoxon.html), with a P-value less than 0.05 indicating statistical significance. Bland-Altman analysis was used to assess interreader variability in image quality scoring. For lung ventilation measurements, the intraclass correlation was used to compare interreader variability. The coefficient of variance was calculated to assess the scan-rescan variability, and the Pearson correlation coefficient was calculated to compare the FEV1/FVC measured using XD-UTE MRI and spirometry. Statistical analyses for lung ventilation measurements were performed in SPSS (Chicago, IL). Both XD-UTE-NB-8min and XD-UTE-NB-5min were significantly better than AVE-UTE in all assessment categories. XD-UTE-NB-8min was significantly better than BH-VIBE in all assessment categories; and XD-UTE-NB-5min was significantly better than BH-VIBE except for the visualization of the great vessels and the artifact level. However, XD-UTE-NB-5min was significantly worse than XD-UTE-NB-8min in all assessment categories. The scores of both XD-UTE-3min and XD-UTE-NB-1min were significantly lower compared to XD-UTE-NB-8min. Scoring criteria: For arteries, airways, and pleura: 5 = excellent visualization; 4 = good visualization; 3 = acceptable visualization; 2 = slightly limited to acceptable; 1 = poor visualization; 0 = structure not visible. For overall artifact level: 4 = no artifact; 3 = minor artifact not restricting image assessment; 2 = moderate artifact degrading visualization of structures, but still diagnostic; 1 = severe artifact leading to nondiagnostic images.
a XD-UTE-NB is significantly better than the BH-VIBE.
b XD-UTE-NB is significantly better than the UTE-AVE.
c
The scores of XD-UTE-NB-5min, XD-UTE-NB-3min or XD-UTE-NB-1min were significantly lower than XD-UTE-NB-8min.
Results Figure 1b&c shows two exemplary respiratory motion signals superimposed on their corresponding projection profiles, one for the NB-UTE acquisition (b) and the other for the NDB-UTE acquisition alternating normal and deep breathing (c). Table 1 summarizes readers' scores for each reconstruction/acquisition scheme, averaged over the three readers. Both XD-UTE-NB-8min and XD-UTE-NB-5min were significantly better than AVE-UTE in all assessment categories. XD-UTE-NB-8min was significantly better than BH-VIBE in all assessment categories; and XD-UTE-NB-5min was significantly better than BH-VIBE except for the visualization of the great vessels and the artifact level. However, XD-UTE-NB-5min was significantly worse than XD-UTE-NB-8min in all assessment categories. The image quality of both XD-UTE-3min and XD-UTE-NB-1min was significantly lower compared with that of XD-UTE-NB-8min. Bland-Altman analyses assessing the interreader variability of image scoring are shown in Fig. S1 -S3 in the Supplementary Materials. Figure 2 shows a comparison of XD-UTE-NB images reconstructed with different durations of acquisition in a volunteer (upper rows) and a patient with emphysema (bottom rows). Among four different acceleration rates, XD-UTE-NB-8min achieved the best visual image quality and delineation of lung anatomy. With the decrease of acquisition duration, image quality degraded with compromised visualization of the lung structure. XD-UTE-NB-1min achieved significantly degraded image quality with increased residual artifacts, blurring, and noise. Figure 3 shows a comparison of AVE-UTE, XD-UTE-NB-8min, XD-UTE-NB-5min, and BH-VIBE images in a 30-year-old man with a suspected lung nodule. Both XD-UTE-NB-8min and XD-UTE-NB-5min achieved improved image quality with better delineation of the lung anatomy compared with AVE-UTE and BH-VIBE. The suspected lung nodule, indicated by the green arrows, was better captured in the XD-UTE-NB results compared with the AVE-UTE and BH-VIBE results, as confirmed in the zoomed images in Fig. 3b . Figure 4 shows XD-UTE-NB lung images for four respiratory phases, in comparison with AVE-UTE. This demonstrates that respiratory motion can be resolved (yellow dashed lines) by reconstructing an extra motion dimension. Moreover, the intrinsic motion compensation in the XD-UTE-NB reconstruction improves image quality.
A similar comparison of AVE-UTE and XD-UTE-NB images in two additional patients are shown in Fig. 5 . As described above, XD-UTE-NB images show improved overall image quality and increased sharpness compared with the averaged reconstruction AVE-UTE (see structure shown by the green arrows).
FIGURE 2: A comparison of XD-UTE-NB images reconstructed with different quantities of data, and, hence, different acceleration rates in a volunteer (upper rows) and a patient with emphysema (bottom rows). Among the four different types of reconstructions, XD-UTE-NB-8min achieved the best visual image quality and delineation of lung anatomy. With increasing acceleration rate, image quality degraded, with compromised visualization of lung structure. XD-UTE-NB-1min showed significantly degraded image quality, with increased residual artifacts, blurring, and noise. Figure 6 shows motion-resolved lung images during deep breathing (XD-UTE-PF-DB) in a representative volunteer. Despite reduced image quality compared with XD-UTE-NB, due to deep breathing and a lower spatial resolution, the images provide dynamic ventilation information that can be used to obtain pulmonary ventilation parameters. The different positions of the diaphragm with respect to the yellow dashed lines indicate that respiratory motion can be resolved with XD-UTE reconstruction. Figure S4 (Supplementary Materials) shows the same images as in Fig. 6 zoomed to the lung area in both coronal and sagittal planes. It should be noted that the deep-breathing data were acquired with a lower spatial resolution and were reconstructed with a higher temporal resolution (30 respiratory phases) than the four respiratory-phase XD-UTE-NB images. Table 2 summarizes the XD-UTE lung ventilation parameters that were averaged over all subjects and two independent observers. There was an excellent interreader agreement in right, left, and global measurements of the tidal volume, residual volume, lung capacity, and FEV1/FVC, with an intraclass correlation coefficient ranging from 0.8855 to 0.9995. The scan-rescan variability in the right, left, and global measures of PF-MR, available from four subjects who underwent a second MR scan, resulted in coefficients of variance ranging from 6.5% to 15.3% for different PF-MR parameters. The average FEV1, FVC, and FEV1/FVC (%) results from spirometry, averaged over the six subjects who underwent the measurement, were 2.73 ± 0.96, 3.39 ± 1.50, and 75.72 ± 11.25, respectively. There was a moderate to good agreement between the FEV1/FVC ratio (%) measured using the XD-UTE MRI and the spirometer (76.04 ± 17.79 versus 75.72 ± 11.25, correlation coefficient = 0.724). A scatterplot of the global FEV1/FVC from both MRI and spirometry in the six subjects are shown in Fig. S5 in the Supplementary Materials. FIGURE 3: A comparison of AVE-UTE, XD-UTE-NB-8min, XD-UTE-NB-5min, and BH-VIBE images in a 30-year-old man with a suspected lung nodule. Both XD-UTE-NB-8min and XD-UTE-NB-5min achieved improved image quality as compared with the other two cases, with greater delineation of the lung anatomy compared with AVE-UTE and BH-VIBE. The lung nodule, indicated by the green arrows, was better displayed in the XD-UTE-NB results as compared with the AVE-UTE and BH-VIBE images. 
Discussion
This work developed and tested a respiratory motion-resolved 4D lung MRI framework called XD-UTE that combines a selfnavigated golden-angle radial UTE sequence with XD-GRASP reconstruction. XD-UTE allows efficient respiratory motion detection and generation of motion-resolved lung images with good image quality. More importantly, our initial experience suggests that XD-UTE can be used for simultaneous evaluation of lung structure and pulmonary ventilation. The high-spatialresolution anatomical lung MR images can serve as an alternative radiation-free approach to CT for detection of lung abnormalities, particularly for patients who need frequent follow-up screening. Meanwhile, the high-temporal-resolution dynamic lung images can provide spatial information that complements conventional pulmonary function tests with spirometry, for studying disease heterogeneities.
The golden-angle reordering scheme enables retrospective evaluation of reconstruction performance with different quantities of data corresponding to different scan durations. For normal breathing acquisitions, we compared the overall quality of lung images reconstructed with data acquired in 8 minutes, 5 minutes, 3 minutes, and 1 minute. The results suggest that 8-minute acquisitions are sufficient to reconstruct high-quality lung images. While a 5-minute scan yielded reduced image quality, it may still be adequate for clinical use based on the image quality scores provided by the readers. On the other hand, 3-minute and 1-minute acquisition times were insufficient to achieve diagnostic image quality.
XD-UTE was performed with two continuous acquisitions in this work: one normal-breathing acquisition reconstructed with a high spatial resolution but a low temporal resolution for morphological evaluation, and the other normal-deep-breathing acquisition reconstructed with a low spatial resolution but a high temporal resolution for assessment of lung ventilation. For morphological assessment in which dynamic information is not needed, on the one hand, XD-UTE images were reconstructed with four respiratory phases to provide sufficient image quality for visualization of lung structure. For assessment of lung ventilation, on the other hand, an increased number of respiratory phases was reconstructed to cover a full respiratory cycle. For the alternated 1-min normal-breathing and 1-min deep-breathing scan (NDB-UTE), we noted that the motion patterns in the normal breathing data were not predictable because the subjects needed to take a break after a deep-breathing scan FIGURE 6: Motion-resolved lung images during deep breathing (XD-UTE-PF-DB) in a representative subject. Despite reduced image quality and lower spatial resolution compared with normal breathing, images obtained during deep breathing provide dynamic functional information that can be used to obtain pulmonary functional parameters. The varying position of the diaphragm with respect to the yellow dashed lines indicates that respiratory motion can be resolved using XD-UTE reconstruction. segment and prepare for the next segment. Thus, we elected to perform a separate normal breathing scan (NB-UTE) for morphological evaluation.
Despite reduced image quality due to high temporal resolution / high acceleration rate and the required deepbreathing pattern, the reconstructed images sufficed to compute lung volume over time in our study. The initial results suggest that the image quality is adequate to segment the left lung and right lung for calculation of the lung ventilation. Although MRI and spirometry were performed in different positions (MRI was performed in a supine position while spirometry was performed in a sitting position, which is the default standard setting in our pulmonary function test lab), there was still a moderate to good correlation of the lung ventilation measurements between them. The correlation is expected to be further improved if an MRI-compatible spirometer 36 is available for comparison in future work.
Unlike previous motion-resolved lung MRI studies, 28, 29 we have demonstrated the feasibility of applying XD-UTE for evaluation of both lung anatomy and ventilation in this work. In addition, our XD-UTE technique uses a self-navigated golden-angle UTE sequence, which enables more efficient respiratory motion detection and leads to faster image reconstruction speed. Furthermore, XD-UTE was tested in a cohort of both patients and volunteers, and all images were evaluated on a clinical basis by experienced chest radiologists. Finally, we retrospectively evaluated reconstructions with different quantities of data, and suggested appropriate acquisition durations suitable for clinical use. We acknowledge the following limitations in this study, which will be addressed in future work. First, we did not control for particular clinical conditions in our patient recruitment. Future studies to evaluate XD-UTE in patients with specific clinical indications (i.e., lung nodules, cystic fibrosis, or chronic obstructive pulmonary disease) would be necessary to assess the performance of this framework for well-defined clinical tasks. Second, self-navigation spokes were acquired with half-projections. Thus, motion detection was performed by first zero-filling the half-spokes to generate projection profiles. An approach for better motion detection is to acquire the self-navigation spokes with full-projection while acquiring other spokes with half-projection, or using a dual-echo acquisition scheme as previously shown, 13 but at the cost of increased scan times. Third, although we selected BH-VIBE imaging as our reference approach in this work, additional comparisons with CT images, or other respiratory gated UTE acquisitions, such as the gated PETRA sequence, 16 would be very interesting and useful to further evaluate the performance of XD-UTE, and this will be explored in future work. Preliminary results comparing XD-UTE with CT in patients with cystic fibrosis were recently reported in an abstract presented at the ISMRM meeting. 37 Fourth, the half-spoke acquisition is required to achieve ultrashort echo time in a UTE sequence. However, this acquisition scheme Interreader agreement was computed with intraclass correlation (ICC), ranging from 0.8855 to 0.9995. Scan-rescan variability was assessed with coefficient of variance (CV) as noted in the table.
significantly reduces scan efficiencies compared with standard radial sequences, since only half of the data can be acquired within a given scan time. It would be interesting to explore a stack-of-spirals acquisition scheme for lung imaging as shown previously. 38 By acquiring different image partitions with varying TEs, this sequence is expected to achieve ultrashort echo time contrast and improved imaging efficiency simultaneously. Lastly, although one would like to reconstruct an image series with only one deep-breathing cycle (eg, 5-8 seconds), this is very challenging due to the relatively slow imaging speed in MRI, particularly given our desired spatiotemporal resolution. Thus, we designed our current breathing pattern and elected to acquire data during multiple breathing cycles, followed by postprocessing to synchronize them together as a composited respiratory cycle. The current 1-min normal-breathing and 1-min deep-breathing protocol used in this study may not be the optimal pattern, and we have not compared different breathing protocols. Thus, additional work to optimize the breathing protocol for ventilation evaluation would be necessary to ensure that patients can easily cooperate with breathing instructions and that robust ventilation measurements can be derived. In conclusion, the proposed self-navigated XD-UTE framework represents a promising approach for free-breathing noncontrast lung MRI with self-navigation for efficient motion detection and reconstruction of motion-resolved lung images. It has the potential for imaging lung anatomy and ventilation simultaneously.
